Ninefold microtubule symmetry of the eukaryotic basal body and motile axoneme has been long established [1] [2] [3] . In Drosophila, these organelles contain distinct but similar β β-tubulin isoforms [4-10]: basal bodies contain only β β1-tubulin, and only β β2-tubulin is used for assembly of sperm axonemes. A single α α-tubulin functions throughout spermatogenesis [11, 12] . Thus, differences in organelle assembly reside in β β-tubulin. We tested the ability of β β1 to function in axonemes and found that β β1 alone could not generate axonemes. Small sequence differences between the two isoforms therefore mediate large differences in assembly capacity, even though these two related organelles have a common evolutionarily ancient architecture. In males with equal β β1 and β β2, β β1 was co-incorporated at equimolar ratio into functional sperm axonemes. When β β1 exceeded β β2, however, axonemes with 10 doublets were produced, an alteration unprecedented in natural phylogeny. Addition of the tenth doublet occurred by a novel mechanism, bypassing the basal body. It has been assumed that the instructions for axoneme morphogenesis reside primarily in the basal body, which normally serves as the axonemal template. Our data reveal that β β-tubulin requirements for basal bodies and axonemes are distinct, and that key information for axoneme architecture resides in the axonemal β β-tubulin. 
The transgenic construct drives β1 expression to the same level as the endogenous β2 gene, allowing us to examine β1 function with cellular tubulin pools at normal physiological levels (Figure 1a-d) . When β1 was co-expressed with β2 at gene doses such that β1 comprised up to half of the β-tubulin in the post-mitotic cells, spermatogenesis proceeded normally and β1 was incorporated into sperm tail axonemes (Figure 1e ,f). Males with equimolar β1 and β2 in post-mitotic cells ( Figure 1c) were fully fertile and sperm axonemes had wild-type morphology (Figure 2a,b) . Moreover, an equal gene dose of β1 fully rescued defective microtubule function attributable to below-optimal tubulin pools, which cause diminished fecundity in males hemizygous for β2 [5, 7, 8, 13, 14] .
When β1 was the only post-mitotic β-tubulin, axoneme morphogenesis was profoundly defective, showing that β1 could not replace β2. In β1-only males, 9 + 0 axonemes were initiated at the basal body ( Figure 2c ). Central pair microtubules, which in wild type invariably begin immediately distal to the basal body, were present in only 1 of 168 axonemes followed in serial sections in β1-only males. The integrity of 9 + 0 axonemes was maintained for only a fraction of the normal 1.9 mm sperm tail length (average, 20 µm). Distally, axonemes lost coherent organization (Figure 2d ,e) or terminated. Disorganized axonemes in β1-only males are remarkably like those assembled from β2∆C, a truncated form of β2 lacking the isotype-specific carboxyl terminus ( [13] ; Figure 2f ). Unlike β2∆C, however, β1 supported completion of accessory microtubules, and attachment of dynein arms and the spoke-linker complex. Thus, an acidic carboxyl terminus is necessary for these processes, but the β2-specific carboxyl terminus is not required.
Differences in properties of β1 and β2 were striking when β1 exceeded β2 in the post-mitotic germ cells. Although equimolar amounts of β1 and β2 allowed wild-type fertility, males were invariably sterile when β1 was present with β2 at a 2:1 ratio (Figure 1d ). Meiosis and cytoplasmic microtubules were normal in 2:1 males, but spermatids had a mixture of normal axonemes, axonemes lacking the central pair, and axonemes with 10 doublets -a previously undescribed architecture (Figure 3 ). We examined initiation of 10-doublet axonemes in serial sections. In all cases known, axonemal doublet microtubules are continuous with the basal body triplets. We therefore hypothesized that when β1 persists in the germ cells after its normal time of expression, basal bodies with 10 triplet microtubules were constructed, which would then template 10-doublet axonemes: this proved to be incorrect. Basal bodies observed in 2:1 males, just as in β1-only males, had normal ninefold symmetry. Moreover, without exception, normal 9 + 2 axonemes were initiated at the basal body in 2:1 males (Figure 4a-d ). This 9 + 2 morphology was maintained for at least 40 µm; 10-doublet axonemes were present only in more distal regions of the sperm tail (Figure 4e ). The tenth doublet was inserted into axonemes de novo laterally and appeared abruptly, without obvious precursor structures (Figure 4f-j) . We rarely observed loss of the tenth doublet and transition back to nine doublets. Only a few mature 10-doublet axonemes retained the central pair. A closed 10-doublet configuration appears to be incompatible with correct positioning of the central pair (Figure 3a,d ). Occasional axonemes containing more than 10 doublets were always in an opened configuration. The mechanism for association of the doublet microtubules with the spoke-linker apparatus in the internal axoneme 'cartwheel' structure can thus accommodate 10 doublets but not more.
Another unique feature of spermatids in 2:1 males was the occurrence of doublet microtubules in the cytoplasm Experimental β1 expression in post-mitotic male germ cells. Immunoblots from 2D gels [8, 12] . (a) Testis tubulins from wild-type males. β2 is the major β-tubulin; the small amount of β1 reflects pre-meiotic cells [5, 6, 8] (Amersham N357) ; (e-f) anti-β1-specific monoclonal antibody [20] . The small testis β-tubulin spot above β1 is the β3 isoform, present only in somatic cells [6, 7, 21] . (Figures 3b,4f-j) . Ectopic doublets appeared and terminated in serial sections relatively frequently (Figure 4f-j) , and, like the tenth doublets added to axonemes, had no obvious precursor structures. Cytoplasmic doublets never occurred in wild type. Serial sections, plus counts of axonemes in whole cysts, showed that axonemes are initiated from all basal bodies in 2:1 males, as in wild type. Ectopic cytoplasmic doublets thus represent promiscuous β1-dependent de novo initiation of axonemal type microtubules, reflecting β1 function in assembly of the triplet microtubules of the basal body. β1-mediated assembly of cytoplasmic doublets but not triplets may reflect differential presence of other structural components for basal bodies and axonemes in pre-and post-mitotic male germ cells, respectively. For example, γ-tubulin is involved in the nucleation of all types of microtubules [15] , but triplet microtubules also require δ-tubulin [16] .
Assembly at the basal body occurs with great fidelity. In 2:1 males, axoneme starts were 9 + 2. Similarly, in β1-only males, axoneme starts had the canonical nine doublets (we observed a single 10 + 0 axoneme). These observations suggest that the mechanism for initiating doublet microtubules from the basal body triplets constrains assembly -either because of a direct 'templating' effect whereby the association of new tubulin dimers with preformed microtubules forces correct patterning even of imperfectly bonded subunits, or because of a high concentration near the basal body of other components involved in axoneme initiation. Defects in the central pair in 2:1 males, however, together with their absence in β1-only males, suggests that assembly of the central pair apparatus and its association with the doublet microtubules is a key property of β2 and other axonemal β-tubulins, not possessed by β1.
The small sequence differences between β1 and β2 distinguish between two kinds of shared-wall microtubule assembly. β1 has the capacity for basal body assembly, but these properties are not sufficient for axoneme morphogenesis. β2 has the properties required for axoneme assembly, but we infer that β2 cannot generate sharedwall microtubules de novo. Some of the instructions for each organelle are therefore intrinsic to the β-tubulin subunits, and axoneme morphology is not solely dependent on the basal body template. In previous work we showed that β-tubulin can specify microtubule protofilament substructure [17] . Thus, to a hitherto unappreciated extent, information for a given microtubule-based structure can be built into the tubulins from which it is assembled.
Materials and methods
β1 coding region ( [9] , GenBank Accession M20419), plus 10 bp 5′ and 20 bp 3′ flanking non-coding sequences, was inserted between 2.1 kb 5′ and 1.5 kb 3′ β2 genomic sequences, previously shown to drive expression of a heterologous sequence in the same developmental pattern, and at the same level, as the endogenous β2 gene ( [7, 8, 11, 17] ; β2 coding sequence, [10] , Genbank accession M16922). Amino-terminal β1 sequences were from a cDNA clone obtained from R. Renkawitz-Pohl [6] , the remainder from a genomic clone isolated in our laboratory. The single β1 gene intron was not included. The transgene was introduced into the Drosophila genome by P-element-mediated Brief Communication 1393 transformation [18, 19] . Multiple autosomal inserts were characterized; all gave the phenotypes described herein. Data shown are from lines containing an oligonucleotide sequence matching the single β2 intron, inserted between β1 codons 73 and 74 [17] ; phenotypes were identical in intron-minus lines. β1 and β2 synthesis in the post-mitotic germ cells was controlled by gene dose (β1 by transgene copy number; β2 by the wild-type or β2 null allele [8, 14] ). Electron microscopy of testes was performed as previously described [17] . Axoneme initiation at the basal body was examined by serial sections in pupal males. To examine transitions from 9 + 2 to 10-doublet axonemes, serial 80 nm sections covering 397 µm were taken at the mid-region of fully elongated spermatids in adult males. Axoneme morphology in multiple cysts was scored in sequential groups of sections covering 2.4 µm. 
